More than 15 years of planetary exploration of Mars have given insight into the geologic processes that have shaped its surface. The newly acquired Viking data have shown that volcanism is one of the most important geologic processes operating on Mars throughout its history. In situ chemical analyses of Martian soil by the Viking lander spacecraft indicate mafic to ultramafic source rocks. This is consistent both with available remote sensing data, which indicate the presence of mafic minerals such as pyroxene and olivine, and with petrologic modeling, based on available geophysical data which suggest that Martian lavas are probably iron rich and ultramafic. These data strongly suggest that basaltic volcanism is widespread on Mars, and much of the photogeological data may be studied in this context. Photogeological analysis of the Martian surface has shown two main types of volcanic morphologies: the first type is central volcanoes, which are volcanic landforms developed by continued and prolonged eruption from a point source vent. This category includes (1) shields, the classic low-profile volcanic mountains of which Olympus Mons is the most spectacular example, (2) domes, steep-sided constructs, such as Tharsis Tholus, that may represent lower rates of eruption than the shields or, possibly, more silicic lava compositions, (3) highland patera, radially textured low-profile volcanoes that occur in the cratered terrain and are interpreted as ash shields, (4) Alba Patera, an apparently unique volcanic landform consisting of a vast volcanic center over 1500 km across with flank slopes of less than a tenth of a degree, and (5) 
planets. Mariner 9 first returned conclusive evidence for volcanism on Mars (Figure 1 ) with spectacular images of shield volcanoes and lava flows [McCauley et al., 1972] . Detailed study of Mariner 9 images showed that substantial parts of the planet are covered by volcanic material, although the definite identification of some of the units remained questionable. During the post-Mariner-9, pre-Viking period, numerous topical studies of Martian volcanoes were carried out, principally on the shield volcanoes [e.g., Carr, 1973 Carr, , 1975 Blasius, 1976; Malin, 1977] but also including analyses of volcanic channels [Carr, 1974; Greeley, 1973] and possible cinder cones [West, 1974] . A synthesis of the volcanic mapping [Spudis and Greeley, 1977; Scott and Carr, 1978] showed that as much as 54% of the planet is covered with probable volcanic materials.
In assessing volcanic activity on Mars the following questions should be addressed: ( In this paper we review the current state of knowledge of volcanism on Mars and attempt to synthesize the available geochemical, geophysical, and photogeological data into a general picture of Martian volcanism. Emphasis will be placed on photogeological data. We present a classification of Martian volcanic features and show their global and temporal distribution (Figures 1-3 ). From comparisons with terrestrial and lunar analogs we interpret the styles of volcanism represented on Mars. The classification, mapping, and interpretations of volcanic style are then combined with a Martian time scale to derive a generalized volcanic history for Mars. From this history we hope to provide a framework for comparing volcanic episodes with other events in the geological history of Mars. Finally, we identify the questions left unanswered in regard to Martian volcanism.
Data Base
The study of Mars has reached a turning point from essentially a period of reconnaissance, data accumulation, and relatively rapid interpretation to a period of methodical data analysis and synthesis. Exploration of Mars has gone through the flyby (Mariners 4, 6, and 7), orbiter (Mariner 9, Viking Orbiters 1 and 2), and the lander stages (Viking Landers 1 and 2). With the termination of the orbiter phase of the Viking mission in 1980 after more than 4« years of highly successful operation, possible additional global data will not be available until the flyby of the Galileo spacecraft in the mid-1980's. Thus with the exception of earth-based observations, we now have all the data for Mars that we are likely to acquire for at least the next 5 years.
As relevant to studies of volcanism, the photogeological data base consists of more than 8000 moderate-to low-resolution (NO. 1 to 3 km) images obtained by Mariner 4, 6, 7 and 9, more than 50,000 images returned by the Viking orbiters (some with resolution better than 10 m), and images taken on the surface by the Viking landers. With the exception of the northern plains and some areas of the southern cratered terrain, contiguous moderate-resolution (~25-50 m) images cover most of the planet and permit regional photogeological assessment of its surface. Unfortunately, because of lack of uniform coverage, the northern plains remain largely unknown not only for the volcanic history but in regard to the general geological history of Mars as well [Scott, 1979] . Data on the composition of Martian surface materials indude three sources: Viking landers, Viking orbiters, and earth-based observations. Viking lander information comes primarily from the X ray fluorescence experiment and studies of the spectral and physical properties of the Martian soil. Global compositional data are derived from color filter images obtained by the Viking orbiters; although high in spatial resolution, the spectral resolution is rather coarse for compositional analyses. Earth-based spectral observations, on the other hand, are relatively high in spectral resolution but poor in spatial resolution; thus attempts have been made to cam-
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bine data sets from earth-based observations and the Viking orbiters to provide a better evaluation of regional surface materials. 
The geophysical data base for Mars is extremely limited. Studies of the moment of inertia and other gravity data draw

Approach
We first review the available data on the composition of surface materials on Mars and discuss the models of lavas and other rocks derived therefrom. We then review the implications that such rock types would have for the physical properties (e.g., viscosity) of the lavas and the styles of volcanism invalved in their emplacement. The primary data set for analyses of Martian volcanism is photogeological. Thus our main approach here is to classify the various volcanic features identified on Mars, map their distribution, and place them in a relative time sequence. The classification scheme used is based primarily on surface morphology; because the morphology of volcanic landforms is mainly a function of the style of volcanism, this scheme will enable interpretation of the volcanic processes involved in their formation. Relative dating of the mapped volcanic features is based on superposition, crosscutting relations, and impact crater statistics.
B. COMPOSITIONAL CONSIDERATIONS FOR MARTIAN
VOLCANISM
Estimates of the composition of volcanic materials on Mars are derived from analyses of surface materials at the Viking landing sites, from remote sensing data obtained by the Viking orbiter and earth-based observations, and from theoretical modeling based primarily on geophysical and petralagical considerations.
Viking Lander Data
Both Viking landers are sited in the northern hemisphere on plains units generally regarded from orbital photogeology as volcanic. Information on the composition of surface materials is derived from the X ray fluorescence spectrometer, experiments dealing with the physical properties of surface materials, and from color imaging data. Rocks at both sites show abundant holes and pits ( More than 22 samples [Clark and Baird, 1979] at both landing sites have been collected and analyzed by X ray fluorescence techniques. In all cases the results are nearly identical with the exception of sulfur. The Martian samples are grossly similar in composition to lunar and terrestrial basalts in that they appear to be derived from marie source rocks, but differences between the planets are significant (Table 1) . Despite efforts to collect a variety of materials for analyses by the Viking landers it is generally regarded that no crystalline rocks have been sampled but rather that the samples consist of relatively homogeneous lumps of partly consolidated, weathered soils, an interpretation enhanced by their low bulk densities (1.2 gcm -3 [Clark et al., 1976] ). Analyses of the magnetic and physical properties of the soils show a high proportion of magnetic mineral grains (probably magnetite or maghemite) among the 'fines' at both sites [Hargraves et al., 1977 [Hargraves et al., , 1979 , which would partly account for the high iron content of the soils. Clark [1979] summarizes four interpretations of the compositions of the samples:
1. The materials consist primarily of nontronite (an ironrich montmorillonite clay); on earth, nontronite is a product of weathering of marie igneous rocks; although rare in the weathering of basalts on land, they are a major product of subaqueous hydrothermal alteration in seafloor spreading centers.
2. The materials consist of a mixture of magnetic minerals, powdered pierite basalt, and leached salts. Although all spectra are characterized by strong Fe 3+ absorptions, dark areas (low albedo) show this effect less and are interpreted to consist of less oxidized materials. Dark areas also show the greatest internal variability and have Fe 2+ absorption near 1.0/•m, attributed primarily to the presence of pyroxenes with less than 5% olivine [Singer, 1980] . Thus dark areas are considered to be somewhat oxidized basaltic or ultramafic rock of regionally variable composition. Bright areas are considered to be fine grained assemblages of mineral hydrates, ferric oxides, and minor amounts of relatively unaltered mafic materials; this would be essentially the chemical and physical weathering products of basaltic or ultramafic parent materials (e.g., materials sampled at the lander sites).
Thus on a global scale the dark areas of Mars appear to consist of mafic to ultramafic igneous rocks whose weathering products contribute to the formation of bright regions. [Huguenin, 1974] . However, a recent revision in the estimate of the Martian mantle density (3.44 g cm -3 [Goettel, 1980] would probably tend to yield a more terrestriallike mantle mineral assemblage (Fe-rich lherzolite) producing less exotic basaltic magmas during partial melting. This question will probably remain open to debate until the acquisition of higher-quality remote sensing data on Martian lava compositions.
Compositions Derived From Geophysical Modeling
In summary, several independent lines of evidence point toward igneous rock compositions that are mafic to ultramafic in character. Global spectral mapping suggests that dark areas may represent exposures relatively free of fine grained aeolian sediment and that there may be considerable variation in composition within the generally iron-rich classes. Bright regions (and bright materials at the lander sites) appear to consist, in part, of weathered, windblown clay minerals derived from the weathering of mafic parent materials; some models allow the clays to be derived from phreatomagmatic events.
C. PHYSICS OF MARTIAN LAVAS
Several studies in recent years involve attempts to relate lava flow morphology to both rock chemistry and eruption mechanism through considerations of the rheological properties of the lavas. This technique has great potential in that valuable geological and geochemical information may be gathered primarily through photogeologic interpretation. This assumes, however, that the physical and chemical parameters mafic lavas of very low viscosities described by McGetchin controlling lava flow morphology are well understood. and Smyth as picritic alkali basalts that would have erupted at One of the first attempts to relate lava morphology to eruphigh rates of effusion and been emplaced as flood basalts. This tion conditions in a quantitative manner was the study of tercomposition is nearly the same as that proposed by Made-restrial lava flows by Walker [1973] , who found that although gross chemistry of lava has some effect on flow dimensions, it is primarily the rate of effusion that controls the lengths of flows, with high eruption rates producing longer flows. These results were incorporated with general rheologic theory to the study of the young, well-preserved Mare Imbrium flows on the moon [Schaber, 1973; Moore and Schaber, 1975 The viscosity of Martian lavas may be estimated by several indirect means. The petrologic modeling of McGetchin and Smyth [1978] suggested that partial melts of the postulated Martian mantle would produce ultramafic lavas of extremely low viscosity, less than 10 P for Martian lavas, a factor of 50 to 100 below terrestrial Hawaiian basalts. A recently revised estimate of Martian mantle density [Goettel, 1980] and refined spectroscopic data for Martian surface materials [Singer, 1980] The lengths of Martian lava flows are quite variable, with some individual flows being more than 300 km long. Such long lengths strongly suggest extremely high eruption rates [Walker, 1973] In summary, the physical properties of Martian lavas as derived primarily from photographs suggest extensive basaltic volcanism of a type similar to that seen on the moon. In addition, some of the unusual Martian central vent flows suggest unique styles of volcanic eruption not seen in either lunar or terrestrial volcanic complexes. The variety of evidence from photogeologic, geophysical modeling and experimental petrology data support the idea that Martian lavas were very fluid, comparable to the lunar mare basalts. Detailed analysis using new Viking orbiter topographic data currently being derived [Wu, 1979] will improve our understanding of the physics of Martian lavas and hence our knowledge of their chemistries and probable eruption conditions.
D. PHOTOGEOLOGICAL ANALYSIS
General Statement
Nearly all knowledge of the geology of Mars has been derived from photogeological studies. Near-global photographic coverage at moderate to low resolution (-•0.1 to 3 km) was ob- Alba structure was emplaced prior to tectonic deformation, some flows are also seen to be superposed over the fractures, indicating that volcanic activity continued to a minor degree during and after regional tectonic deformation [Wise et aL, 1979a] . One of the most striking aspects of Alba Patera is the diversity and relative crispness of the lava flows that make up the structure. Four main types of lava flows [Cart et aL, 1977] are identified: (1) tube-fed flows, (2) tube-channel flows, (3) sheet flows, and (4) undifferentiated flows. Tube-fed flows are charactorizod by ridges that tend to be radial to the center of Alba Patera. Lava channels and partly collapsed lava tubes ( Figure  13 ) can be traced down the axes of the flows that were the main conduits feeding the advancing flow from. From terrestrial and lunar experience, the only commonly erupted lavas that have rheological properties conducive for lava tubes to develop are basalts. More silicic lavas are too viscous, and from observations of some active basalt flows, extremely fluid lavas also seem not to develop tubes. Rather, lava tubes develop best in basaltic lavas that are erupted over a long duration but at lower rates of effusion than those producing flood eruptions [Greeley, 1977] . Thus most terrestrial lava tubes develop from point source eruptions of basaltic lavas. Application of these relationships to Alba flows is consistent with both the central vent character of the volcano and consideration of the gross composition of its lavas. However, the Alba flows extend over very long distances, the longest tubefed flow identified being more than 340 km. The average width for this and other tube-fed flows is about 8 km and is remarkably uniform. This width, however, represents only the exposed part of the flow. From experience with terrestrial volcanoes, lava channels and tubes frequently form constructional arches along their axes, principally by overflow, that act as topographic barriers [Greeley, 1971] . Subsequent flows bury the lower flanks of the arch but may not be able to breach the arch; the same relationships appear on Alba Patera ( Figure   13 ), and therefore it is not possible to determine the actual width (exposed plus buried parts) of the tube-fed flows. However, taking the exposed part of the flows as a minimum and estimating the height from grazing sun incidence angles, a Comparing these volumes to some typical rates of effusion of basaltic lavas on earth (Figure 14) gives some understanding of the enormity of the flows on Alba. Keeping in mind that there are many flows that appeared to be operating essentially concurrently, either extremely high rates of effusion must have been involved for the Alba flows, or the eruptions were of very long duration. From morphological considerations we favor the latter interpretation because on earth, high rates of effusion (i.e., flood eruptions) do not produce lava tubes, at least none that are preserved and recognizable. A long period of volcanic activity is supported by independent study of the tectonic history [Wise, 1976] . The northern plains of Mars constitute most of this class and present a particular problem, but they are considered volcanic by most investigators [e.g., Guest et al., 1977; Scott, 1979] . In general, these plains possess few of the criteria for volcanic plains. Either these plains never had the typical Martian lava plains morphology, or they have been extensively modified by processes peculiar to high northern latitudes such as periglacial processes [Carr and Schaber, 1977] . In several places, wrinkle ridges and occasional flow lobes are seen, as in the Ismenius Lacus region [Lucchitta, 1978] . Although this is not conclusive evidence for a volcanic origin for all the northern plains, we consider that the vast majority of these plains are at least underlain by volcanic substrata. This problem is in part linked with the general problem of the northern-southern is based on superposition, crosscutting relations, and the number of superposed impact craters. These are keyed to the formal time-stratigraphic sequence derived by Scott and Carr [1978] for Mars: the Amazonian system (youngest), Hesperian system (intermediate age), and Noachian system (oldest). Crater frequency distributions are derived primarily from Condit [1978] and are based on craters in the 4-to 10-km-size range. The rationale is that craters of this size are large enough to be visible despite weathering and erosion but still small enough to allow sufficiently large numbers to be statistically significant over large areas. Crater counts for the central vent volcanoes are from Plescia and Saunders [1979] ; however, caution must be exercised in interpreting the results, since the areas 'counted' for each volcano are very limited.
The volcanic history of Mars is summarized in Figure 3 . In this diagram the relative amounts of the planet covered by volcanic materials during a given stratigraphic interval in the geologic past are represented by envelopes that have areas proportional to the currently exposed areas on the planet as a function of relative time. Therefore these estimates should be considered minimum values in that portions of the older units may be buried by younger units and/or destroyed by erosional processes. It is evident that volcanism of one type or another has been active throughout the history of Mars.
The oldest units that are identified as volcanic on Mars are the plateau plains (S, [Wilhelms, 1974; ). These plains take the form primarily of simple lava flows, with flow fronts rarely being present. The bulk of these flows were extruded more or less contemporaneously with the final stages of heavier bombardment, but most appear to postdate the major impact basins Hellas, Argyre, and Isidis. It should be noted that the original extent of these plains was probably much greater than is currently exposed, in part owing to burial by younger flows in the southern hemisphere but also to the obliteration of the cratered terrain by a process still obscure in detail. These episodes of extensive volcanism overlapped in time with extensive fluvial activity, as evidenced by the abundant small channel networks present in the Martian cratered terrain [Pieri, 1976] . The overlap of volcanic and fluvial activity would strongly favor the production of pheatomagmatic activity. Thus some of the extensive older undifferentiated and questionable plains may be ash sheets. Highland patera (hp), interpreted here as partly ash shields, are also contemporaneous with the plateau plains. As noted previously, the highland patera are concentrated primarily near the margins of the Hellas Basin, possibly related to ring fractures, and all are located in the cratered southern uplands hemisphere.
After most of the plateau plains activity had subsided, massive flood volcanism (S2, C,) was active over much of the planet, resurfacing areas in Lunae Planum, Hesperia Planum, and large parts of the northern hemisphere (u). During this epoch the northern-southern hemisphere erosional scarp began forming, a process that probably continued well into the Hesperian age. Volcanism leading to the formation of the Alba Patera structure (AP) also became active, possibly owing to structural fracturing in the lithosphere antipodal to the Hellas Basin [Peterson, 1978b] The solutions to these questions are dimcult and in many cases will not be forthcoming for many years. Questions 1 and 2 can be answered best with returned samples from carefully selected sites on Mars, although questions regarding composition might be answered to some extent with high-resolution remote sensing data from an advanced orbiting spacecraft. Questions 3 and 4 have the potential to be answered through a combination of photogeology, earth analog studies, and possibly laboratory simulations. Question 5 can probably be addressed only through the emplacement of instruments on Mars and experimental petrologic study of returned Martian lava samples.
The classification and mapping presented here should not be considered definitive. Just as the earlier studies of Martian volcanism based on Mariner 9 data were substantially revised by incoming Viking data, so too must this study be revised when the Viking data set is fully utilized. As noted above, this study was based on moderate-resolution Viking orbiter images and includes relatively few of the high-resolution images. We anticipate that detailed analyses of the high-resolution coverage will add substantially to the knowledge of localized volcanism (through the identification of cinder cone fields, etc.), which, when viewed globally, will lead to a much better understanding of the general volcanic history of Mars.
